Background: Trimethylamine-N-oxide (TMAO) is produced in the liver from trimethylamine, which is exclusively generated by gut bacteria. Objective: The objective of this article is to investigate the relationship between TMAO and primary sclerosing cholangitis (PSC) and its clinical characteristics. Methods: Serum TMAO was measured in 305 PSC patients, 90 ulcerative colitis patients and 99 healthy controls. Results: In PSC patients with normal liver function (n ¼ 197), TMAO was higher in patients reaching liver transplantation or death during follow-up than those who did not, with an optimal TMAO cut-off of 4.1 mM (AUC ¼ 0.64, p < 0.001). PSC patients with high TMAO (>4.1 mM, n ¼ 77) exhibited shorter transplantation-free survival than patients with low TMAO (n ¼ 120, log-rank test: p < 0.0001). High TMAO (>4.1 mM) was associated with reduced transplantation-free survival (HR 1.87, p ¼ 0.011), independently of the Mayo risk score (HR 1.74, p < 0.001). Overall, PSC patients demonstrated reduced TMAO values compared with ulcerative colitis and healthy controls, mainly caused by PSC patients with reduced liver function (INR > 1.2), suggesting impaired oxidation of trimethylamine to TMAO. PSC patients with and without inflammatory bowel disease had similar TMAO levels. Conclusion: In PSC patients with normal liver function, elevated TMAO was associated with shorter transplantation-free survival, potentially reflecting clinically relevant metabolic changes resulting from dietary interactions with the gut microbiota.
Introduction
Primary sclerosing cholangitis (PSC) is a chronic and immune-mediated liver disease of unknown aetiology. 1 It is characterised by cholestasis, and inflammation and fibrosis of the intra-and extra-hepatic bile ducts. Up to 80% of patients with PSC are also diagnosed with inflammatory bowel disease (IBD), most often categorised as ulcerative colitis (UC). 1 This striking association suggests that alterations in the gut of patients with PSC are important in the disease process. 1 PSC is in part heritable, 2 and multiple genetic risk factors have been identified in large-scale studies. 3 Several genetic risk factors are also shared between PSC and IBD, and some of these implicate a role for the gut microbiota in disease development. 3 However, this collection of risk genes collectively explain less than 10% of the estimated overall susceptibility to this disease. 3 Little is known about how environmental factors influence the development of PSC, although both smoking and coffee have been associated with protection against the disease. 4 Changes in the gut microbial community composition have been demonstrated in several diseases including gut disorders like IBD, 5 as well as systemic inflammatory and metabolic diseases. 6 Recently, we also showed that there are extensive differences between the faecal microbiota in PSC patients compared with healthy controls (HCs) and IBD patients without liver disease. 7 Diet plays a key role in shaping the gut microbiota. 8 In turn, the microbiota plays an intrinsic part of human metabolism, e.g. through the production of vitamins, secondary bile acids and short-chain fatty acids. 9, 10 It is likely that microbial metabolites influence human disease development as well via the gut-liver axis. 10 One documented example is trimethylamine-N-oxide (TMAO), a metabolite whose precursor trimethylamine (TMA) is completely microbiota dependent. [11] [12] [13] [14] [15] TMA is a volatile gas generated by gut bacteria from phosphatidylcholine, l-carnitine or gamma-butyrobetaine. [11] [12] [13] [14] Phosphatidylcholine and l-carnitine are abundant in e.g. eggs, milk and red meat. 12 After absorption in the gut TMA reaches the liver where it is converted to TMAO by flavin-containing monooxygenase enzymes (FMOs). 12 TMAO has recently been associated with atherosclerosis and cardiovascular disease, [11] [12] [13] 16 although the mechanism of this relationship is so far not completely understood. 16, 17 TMAO has further been shown to influence cholesterol metabolism, bile composition and lowering of key bile acid synthesis-and transportproteins, all with a potential role in regulation of inflammation and hepatic metabolic pathways. 11, 12, 15 Of note, methylamines (e.g. TMA) and TMAO have been shown to cause cholestasis, cholangiocyte proliferation and cholangiofibrosis in rats, pathological changes that are hallmarks of human PSC. 1, 18 Given the possible role of gut microbiota in PSC and the potential link between TMAO and key metabolic pathways in the liver and inflammation, we aimed to investigate TMAO as a surrogate marker for diet and microbiota, and determine the impact from TMAO on clinical characteristics of a large Norwegian cohort of patients with PSC and relevant controls.
Materials and methods

Patient population and data collection
Diagnosis of PSC was based on typical cholangiographic findings according to acknowledged criteria. 19, 20 PSC patients were recruited at admission to Oslo University Hospital Rikshospitalet in the period from 1992 to 2012, and blood samples were included in the Norwegian PSC Research Center (NoPSC) Biobank (Oslo, Norway). All available serum samples for the time period were included in the present study. The first pathological cholangiography defined the time of diagnosis of PSC, and the duration of PSC was defined as the time from the date of diagnosis to the date of serum sampling. Cause of death was extracted from the Cause of Death Registry (Oslo, Norway, reference 16-0230). Sera from HCs were included from individuals recruited from the Norwegian Bone Marrow Donor Registry and sera from UC controls from a population-based Norwegian cohort. 21 IBD diagnosis was based on histology, findings at endoscopy and accepted criteria. 22 
Ethics
Written informed consent was obtained from all participants, and the study protocol was in accordance with the 1975 Declaration of Helsinki. The Regional Committee for Medical and Health Research Ethics in South-Eastern Norway approved the study (references 2011/2572, 2012/286 and 2015/2140).
Blood sampling and routine biochemical analyses
Non-fasting blood was collected and serum prepared in a standardised fashion, followed by storage at -70 degrees. Routine biochemical analyses, e.g. liver function tests and measures of prothrombin, were retrieved from hospital laboratory databases, if available within one week of collection of biobank serum. Reduced liver function was defined as international normalised ratio (INR) > 1.2 and/or Normotest < 70.0. Mayo risk score was calculated using the algorithm for the revised Mayo risk score. 23 Estimated glomerular filtration rate (eGFR) was calculated according to the Chronic Kidney Disease Epidemiology Collaboration equation. 24 Measurement of TMAO. Levels of TMAO were measured as previously described. 13 In short, stable isotope dilution liquid chromatography-tandem mass spectrometry (LC/MS/MS) was used for the quantification of TMAO and was monitored in positive liquid chromatographytandem mass spectrometry (MRM) MS mode, using characteristic precursor-product ion transition: m/z 76!58. The internal standard TMAO-trimethyl-d9 was added to samples before protein precipitation and was monitored in MRM mode at m/z 85!66. Various concentrations of TMAO and a fixed amount of internal standard were spiked into 4% bovine serum albumin to prepare the calibration curves for the quantification of analytes. TMAO measurements below the limit of quantification (0.1 mM, n ¼ 5) were set to zero. All stable isotope-labelled internal standards were purchased from Cambridge Isotope Laboratories Inc (Andover, MA, USA).
Statistical analyses
For continuous variables, t test or Mann-Whitney U was used depending on distribution. Comparison of categorical variables was performed using the Chisquare test or Fisher's exact test where appropriate. For correlation analyses, Spearman's rank correlation test was used. Kaplan-Meier plots were used for visualisation of transplantation-free survival, and crude risk was compared by log-rank test. Due to the low number of patients with longer follow-up time, patients were censored at 15 years. Receiver operating characteristics curve (ROC-AUC) analyses and Youden's index were used to define the optimal TMAO cut-off for discriminating between patients with and without death or liver transplantation. 25 Differences between areas under the curve (AUC) were compared according to the method of DeLong. 26 Cox proportional hazards regression analyses were used to investigate associations between TMAO levels, clinical and biochemical variables and endpoints (death or liver transplantation), and variables with a right-skewed distribution were transformed by the natural logarithm prior to Cox proportional hazards regression analyses. All calculations were performed in SPSS Statistics for Macintosh, version 22 (IBM, Armonk, NY, USA) except Youden's index, calculated in MedCalc (MedCalc Software bvba, Ostend, Belgium).
Results
In total, 305 PSC patients were included in the analyses, together with 90 UC patients and 99 HCs (Table 1) . IBD was present in 242 (79.3%) of the patients with PSC, 194 (63.6%) with UC, 35 (11.5%) with Crohn's disease (CD) and 13 (4.3%) with indeterminate colitis.
Prothrombin time measurements (INR or Normotest) were available for 250 PSC patients (82.0%), of whom 197 (64.6%) had normal liver function. Of the UC controls, 45 (50.0%) had active disease and 45 (50.0%) were in remission.
TMAO is reduced in PSC patients with reduced liver function TMAO levels were reduced in patients with PSC compared both with UC and HCs (Figure 1(a) ). HCs and patients with UC exhibited similar TMAO levels (p ¼ 0.35), as did PSC patients with and without IBD (Figure 1(b) ), and UC with active disease and UC in remission (Figure 1(c) ), indicating that the presence of bowel inflammation does not have a substantial impact on TMAO levels.
We hypothesised that reduced TMAO levels in PSC in part could be explained by impaired hepatic metabolism of TMA to TMAO. In line with this, no high values of TMAO were observed in PSC patients with reduced liver function (Figure 2 (a)), and the TMAO levels in PSC patients with normal liver function (n ¼ 197) did not differ significantly from HCs (Figure 2(b) ). Patients with PSC with or without IBD had similar TMAO levels irrespective of liver function ( Supplementary Figure 1 ). The patients with PSC and reduced liver function were slightly older and had lower creatinine, but similar eGFR, compared with those with normal liver function, in addition to the expected differences in clinical and biochemical liver-related markers (Supplementary Table 1 ).
TMAO levels are associated with reduced transplantation-free survival in PSC patients with normal liver function
In the study group as a whole (n ¼ 305) TMAO were compared between PSC patients that reached a clinical endpoint during follow-up (death: n ¼ 44, liver transplantation: n ¼ 118) and those without such endpoints, detecting an elevated level of TMAO in the former (Figure 3(a) ). The median follow-up time was 2.7 years (interquartile range 0.81-6.1), and median age at endpoint 45.1 years (interquartile range 38.2-54.2). As our results so far indicated that liver function could influence TMAO levels, similar comparisons were performed in the PSC patients with a measure of prothrombin time available, again showing increased values in patients with a clinical endpoint, but only among those with normal liver function while there was no significant difference in the reduced liver function group (Figure 3(b) ). High TMAO levels have been associated with increased risk of cardiovascular death related to atherosclerosis, but importantly, out of the 44 patients with death as primary endpoint only two (4.5%) were identified with a cardiovascular cause of death (Supplementary Table 2 ). TMAO correlated with age and age at diagnosis (r ¼ 0.13, p < 0.05 and r ¼ 0.11, p < 0.05, respectively), in addition to alkaline phosphatase (ALP) (r ¼ 0.12, p < 0.05) and eGFR (-0.14, p < 0.05), but we were unable to identify correlations between TMAO and INR, albumin, Mayo risk score or other biochemical measurements (Supplementary Table 3 ). Given the possible interaction between TMAO and liver function, and a lack of association between TMAO and death or liver transplantation in the group with reduced liver function, the further analyses focused on the PSC patients with normal liver function (n ¼ 197). In this group, TMAO and ALP were correlated (r ¼ 0.16, p < 0.05), as were TMAO and duration of PSC disease (r ¼ 0.15, p < 0.05), while there was a negative correlation with kidney function (eGFR: r ¼ -0.16, p < 0.05). No correlation could be detected between TMAO and age, age at diagnosis of PSC, Mayo risk score or other biochemical measurements ( Supplementary Table 3 ).
To further explore the association between high TMAO values and transplantation-free survival, we performed ROC-AUC analysis that yielded an AUC of 0.64 (95% confidence interval (CI) 0.57-0.70, p < 0.001, Figure 4(a) ) to separate patients with and without endpoint. The optimal TMAO cut-off was 4.1 mM. Using this as cut-off in a Kaplan-Meier survival plot, patients with PSC and high TMAO values (n ¼ 77) exhibited a marked decrease in transplantation-free survival, with a mean transplantationfree survival of 6.1 years (95% CI 4.6-7.6), versus 9.9 years (95% CI 8.6-11.1) in patients with low TMAO (n ¼ 120, log-rank test: p < 0.0001, Figure 4 (b)), with indications for liver transplantation given in Supplementary  Table 4 . For comparison, patients with reduced liver function at TMAO measurement had even lower liver transplantation-free survival, but this was unrelated to TMAO level ( Supplementary Figure 2) .
In univariate Cox regression analyses high TMAO (>4.1 mM) was associated with reduced transplantation-free survival, as were age, PSC duration, bilirubin, albumin, ALP, eGFR and Mayo risk score ( Table 2 ). In multivariate analyses including all patients with normal liver function and a complete dataset available (n ¼ 172), high TMAO was independently associated with a reduction in transplantation-free survival (hazard ratio (HR) ¼ 1.87, 95% CI 1.15-3.04, p ¼ 0.011, Table 2 ). Besides high TMAO, Mayo risk score was the only variable that remained associated with transplantation-free survival in the multivariate model. Age, bilirubin and albumin were excluded from the final multivariate model since they are all part of the Mayo risk score.
Discussion
In this study, the circulating level of the gut microbiotadependent metabolite TMAO was lower in patients with PSC than in controls. The reduction was confined to patients with reduced liver function, which potentially is caused by impaired oxidation of TMA to TMAO by hepatic FMOs. When evaluating patients with normal liver function, a high TMAO level was associated with reduced liver transplantation-free survival, independent of other surrogate markers of disease activity including Mayo risk score, suggesting that dietary and microbial factors may influence the disease progression in PSC.
In the case-control assessment, TMAO was reduced in patients with PSC compared with HCs, but when removing patients with reduced liver synthesis function, as defined by prothrombin time outside reference, this difference disappeared. There are few data available on TMAO in cholestatic liver diseases. In a study of patients with liver disease in general, conversions of TMA to TMAO were found to be impaired with reduced excretion of TMAO in urine compared with controls, especially in more severe liver disease with a corresponding increase in TMA. 27 The latter has also been reported in other studies, 28 and is supported by a more recent report, finding increased TMA (which is a volatile gas) in the breath of patients with cirrhosis compared with HCs. 29 In line with this, patients with reduced liver function in our study also showed low TMAO values. Other data on TMAO in human liver disease are scarce, 30, 31 but overall it is a reasonable assumption that hepatic production of TMAO is similar in PSC and HCs when excluding patients with reduced liver function.
Focusing on patients with normal liver function, the study showed an increased risk of liver transplantation or death in patients with elevated TMAO HR 1.87), independent from Mayo risk score. In contrast, TMAO did not seem to be a marker of poor prognosis in the group with reduced liver function. There is a scarcity of data available for comparison. In several studies TMAO has been associated with atherosclerosis and coronary artery disease. 11, 15, 32 It could therefore be speculated that the association between elevated TMAO and transplantation or death in patients with PSC could be related to cardiovascular disease. However, less than 5% of the patients who died without liver transplantation were classified with a cardiovascular cause of death. This is in line with the observation that PSC patients were relatively young at the time of endpoint (median 45.1 years), and that PSC in general has not been associated with increased risk of ischemic cardiac disease. 33 TMAO has been associated not only with the prognosis of ischemic heart disease and heart failure, 13, 34, 35 but also kidney disease including a possible influence on fibrosis, 36, 37 suggesting that circulating TMAO, or related metabolites, may exert an effect on several organs. Whether the bile ducts are vulnerable and PSC may represent 'the arteriosclerosis of the bile duct' can only be speculated upon. 38 It is interesting, however, that food with high content of methylamines (e.g. TMA) and TMAO elicits bile duct changes in rats including cholangiocyte proliferation, cholangiofibrosis and cholestasis. 18, 39 In addition, it has been suggested that dietary amines (e.g. methylamines) could be central to the homing of 'gut primed' lymphocytes to the liver seen in PSC. 40, 41 Thus, the observed association could also be speculated to be related to the production of the precursor to TMAO, and not TMAO itself.
In patients with PSC and normal liver function there were no correlations between TMAO and conventional markers of PSC severity including Mayo risk score, suggesting that TMAO is a marker of disease course, which does not represent disease stage. TMAO levels depend on production of TMA by anaerobic bacteria in the gut. 11, 12, 17, 42 Carnitine or phosphatidylcholine are important as choline sources for TMA production, and they are abundant in a variety of food groups, including red meat, dairy products and some types of fish and seafood. 43 The gut microbiota is altered in PSC, 7 but little is known about how it affects disease activity and prognosis. Data on the effect of diet in PSC are also very scarce. TMAO levels are known to be markedly reduced in individuals exposed to certain antibiotics, 15 and it is therefore of interest that antibiotic treatment has been shown both to reduce ALP levels in human PSC, 44 and ameliorate PSC-like changes in a murine small intestinal bacterial overgrowth-associated model of cholangitis. 45 While the present study cannot prove a direct role of TMAO in the disease pathogenesis, the reduced liver transplantation-free survival associated with elevated TMAO suggests that a combination of dietary factors and microbial composition and metabolites are associated with PSC progression. Furthermore, a recent paper reported that specifically targeting the enzymatic production of TMA from gut bacteria reduced TMAO production and atherosclerosis in mice. 46 Similar experiments in animal models of biliary disease could clarify the potential role of TMAO in PSC not only as a marker, but also as a potential mediator. Overall, the present findings provide a strong rationale for deeper investigations of the effect of diet and the gut microbiota in patients with PSC. As shown by the present data, metabolic parameters onto which complex microbial and dietary patterns converge may simplify such assessments.
The strengths of the current study include the large number of patients with long follow-up time as well as the use of an established assay analysing all samples in the same batch. There are also several limitations. Since diet and microbial function are major determinants of TMAO, and there is a lack of a detailed baseline dietary characterisation whether the participants were on antibiotics or not, only limited conclusions can be drawn as to the cause of the association between TMAO and PSC severity. Lack of controls with other liver diseases, including cholestatic liver diseases like primary biliary cholangitis (PBC), also limits our ability to discern whether the association between high TMAO values and shorter time to liver transplantation is specific for PSC or not. As this is a historic cohort and gut microbiota profiling has only recently been in widespread use, the composition of the gut microbiota in the present cohort is unknown. It is therefore not possible to link microbial composition to high TMAO levels or prognosis. There is also a need for prospective studies including other liver diseases to further elucidate these complex associations in the future, and validation panels in external cohorts will be essential. The blood samples were also not collected after a strict fasting protocol. Experimental evidence does, however, suggest that major postprandial TMAO-increases are primarily related to e.g. a phosphatidylcholine challenge, because the majority of choline in ordinary meals will be reabsorbed in the small intestine before reaching the TMA-generating bacteria in the colon, as long as the reabsorption is not overloaded. 15, 47 In conclusion, the data suggest that TMAO is influenced by reduced liver function and that caution should be made in interpreting TMAO measurements in patients with advanced liver disease. The strong association between elevated TMAO and reduced liver transplantation-free survival in PSC patients with normal liver function at time of sample collection suggests that complex dietary and microbial factors may be relevant for the prognosis of patients with PSC as reflected by specific metabolic alterations. Interventions targeting diet or the gut microbiota could therefore potentially be clinically relevant.
